most common LA for dental procedures in most of Europe.
2 Despite these efforts, all of the amide LAs harbour varying levels of cardiovascular (CVS) and central nervous system (CNS) toxicity that is still a major complication seen today.
MECHANISM OF ACTION
The physicochemical properties of LAs determine their properties as anaesthetic agents. They have three structural groups: an aromatic ring, connecting group (ester or amide) and an ionisable amino group. These lipid-soluble hydrophobic aromatic groups and charged hydrophilic amide groups enable them to exert their effects by two mechanisms: in their uncharged (un-ionised) state they are lipid soluble and able to traverse the lipid bilayer of the neuronal cell membrane, to then gain a hydrogen ion and become ionised making them able to bind intracellularly to voltage-gated sodium channels, rendering the channel reversibly inactive, and so unable to allow for sodium entry to generate and propagate the action potential 3 ( Fig. 1) . Binding can also occur to the closed sodium channel to retain its inactive state. Secondly, LAs have direct effects Local anaesthetics (LAs) can be defined as drugs that reversibly block transmission of a nerve impulse, without affecting consciousness. Koller first used cocaine successfully in ophthalmic surgery as a topical anaesthetic. Halsted and Hall took more invasive steps by directly injecting cocaine into oral cavity nerves in order to produce anaesthesia for removal of a wisdom tooth.
1 Over the years the relatively safer amino amides came into use with lignocaine appearing in 1948, now the most commonly used LA in dentistry in the US.
Amino amides mepivacaine, prilocaine and bupivacaine were all developed by 1963 and all have roles in modern dentistry. In 1969, articaine was synthesised by chemist Muschaweck, and with its potency and safety profile, is now the The accidental overdose of local anaesthetics may prove fatal. The commonly used amide local anaesthetics have varying adverse effects on the myocardium and beyond a certain dose all are capable of causing death. Local anaesthetics are the most frequently used drugs in dentistry and although uncommon, local anaesthetic systemic toxicity (LAST) accounts for a high proportion of mortalities in the dental office, with local anaesthetic-induced cardiac arrest particularly resistant to standard resuscitation methods. Over the last decade there has been convincing evidence of using intravenous lipid emulsions as a rescue in local anaesthetic -cardiotoxicity and anaesthetic organisations over the globe have developed guidelines on the use of this drug. Despite this, however, awareness among practitioners appears to be lacking. All who use local anaesthetics in their practice should have an appreciation of patients at high risk of toxicity, early symptoms and signs of toxicity, preventative measures when using these drugs and the initial management of systemic toxicity with intravenous lipid emulsion. In this review we intend to discuss the pharmacology and pathophysiology of local anaesthetic toxicity, and the rationale for intravenous lipid emulsion therapy.
on the lipid bilayer, disrupting impulses by incorporating into the cell membrane, causing expansion. 4, 5 The sensitivity of nerve fibres depends upon their axonal diameter and degree of myelination with small, more susceptible myelinated fibres. Generally the small pain and temperature fibres (C unmyelinated, A-δ myelinated) are blocked first, with the larger touch and pressure fibres (A-Υ, A-β) next and with the large muscle tone and postural A-α fibres last. It is thought that the prolonged action potential of smaller fibres provides more time for LA entry and more frequently stimulated nerves show increased
• Although rare, LAST accounts for a high proportion of mortalities in the dental office, with LAST-induced cardiac arrest particularly resistant to standard resuscitation methods.
• We encourage all facilities that use amide local anaesthetics to have a 'rescue kit' and guidelines readily available. The story does not end there, however, as in addition to blocking sodium channels, there is evidence of binding to human cardiac potassium channels (hKv1.5) to block repolarisation of the membrane, as demonstrated with ropivacaine. 6 Bupivacaine and ropivacaine have also been shown to block L-type calcium channels in rat cerebrocortical membranes. From a systemic viewpoint, LAs may improve pain by inhibiting local inflammatory response to injury by decreasing inflammatory cytokine release from neutrophils.
CLINICAL PHARMACOLOGY
Potency is decided by the lipid solubility of the agent and can be expressed as a lipid:water partition coefficient (LW), the ratio of the LA in each physical phase. High coefficients increase lipophilic properties and so allow for rapid passage across the cell membrane, thus facilitating potency. Onset of action is determined by the ionisation constant or pKa value, which determines the proportion of ionised to un-ionised form of the agent at a given pH. Potency:toxicity ratio is a useful evaluation to consider (see Table  2 ). Articaine has the best ratio making it clinically efficacious as well as safe.
LOCAL ANAESTHETIC SYSTEMIC TOXICITY Incidence
Epidemiological reports have been clinically diverse and with different outcome measures used, but overall rates of systemic toxicity have been reported in France to be 0-20 per 10,000 in 2002 and greatly dependent on the site of peripheral nerve block. 7 Dentists administer thousands of local anaesthetic injections every day with few adverse events. However, local anaesthetic systemic toxicity (LAST) can occur even with the most experienced practitioner. Human error misjudging dose, anatomy, patient factors or just bad luck can contribute to the unintended development of serious systemic complications. Lignocaine is the most common LA used in dentistry and has been reported to cause systemic toxicity. 8, 9 Articaine, even with its excellent safety profile, may cause systemic intoxication if unintentional intravascular injection is performed during a block. It has been reported that the rate of intravenous injection for inferior alveolar nerve block is as high as 15.3%, which can occur due to the high vascularisation of the oral mucosa.
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Clinical manifestations
The symptoms of LA toxicity are an extension of their pharmacological profile. Toxicity manifests as a 'biphasic' effect on both the central nervous system and cardiovascular system, the two areas highly sensitive to changes in tissue electrophysiology. As plasma LA rises beyond safe levels, initial excitation occurs in both the CNS and CVS, followed by a depression with profound consequences. Generally CNS signs appear first unless very high plasma levels of anaesthetic agent are achieved or bupivacaine is used, with peri-oral paraesthesia, dizziness, tinnitus, then later drowsiness, tonic-clonic seizures and coma occurring. The more severe cardiovascular toxicity generally ensues later with early excitation: tachycardia, ventricular arrhythmias and hypertension; and leads to cardiac depression, bradycardia, and cardiovascular collapse. Other EKG changes include prolongation of the QRS complex and PR interval.
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Of particular importance is the nature of this collapse, with high incidence of LA cardiac arrest being resistant to standard resuscitative measures.
Toxic plasma levels
Systemic toxicity from local anaesthetic overdose occurs due to inadvertent intravascular injection, absorption from tissue depot, or repeated doses without balanced elimination. The concentration of bupivacaine present in the aqueous portion of plasma is directly related to the myocardial tissue absorption, and hence cardiotoxicity. 12 The degree of toxicity is therefore dependent on plasma levels of LA, with highly aerobic tissues vulnerable to hypoxia, the most vulnerable being the myocardium, lungs and central nervous system.
For regional blocks, the plasma levels of lignocaine are typically 3-5 μg/ml, with toxic plasma levels seen at only 6-10 μg/ml.
Risk factors
Intuitively, one would speculate that the plasma levels of a given dose of drug would have strong correlation to the weight or body mass index of the individual. In the case of LAs, this is largely true in children, but in adults we see that the methods of administration, nature of the drug preparation and the physiological status of Underlying cardiac pathology of ischaemic heart disease, heart block and cardiac failure will render the elderly more vulnerable to toxic CVS effects. The majority of the cases of LAST seen in dentistry occur in children, as due to their small size, dose to weight ratio is more difficult to calculate and so overdose is more likely. It is also more likely to progress in adversity because a high number of blocks are performed with the child anaesthetised. The early signs of paraesthesia and mental state changes would not be detected. 14 Conversely some studies show that newborns and children can actually tolerate higher plasma levels of bupivacaine compared to adults. 15, 16 Choice of agent also has clear implications for toxicity. Bupivacaine is more cardiotoxic than shorter-acting lignocaine, with smaller doses often resulting in cardiotoxic symptoms without prior CNS effects. 17 Addition of vasoconstrictors such as adrenaline can dramatically slow the absorption of LAs from the site of injection, improving their safety and prolonging the anaesthesia, which is why higher doses of some agents are possible with a vasoconstrictor additive. Table 2 summarises the risk factors for development of LAST.
Intracellular mechanisms for LAST
In animal studies on the myocardium, lignocaine induces dramatic haemodynamic depression while bupivacaine markedly impairs both electrophysiologic and haemodynamic variables. 18 In addition, in vivo and in vitro cardiac studies demonstrate bupivacaine and ropivacaine's ability to uncouple oxidative phosphorylation at complex I in the mitochondria, 19 and block the enzyme carnitine acylcarnitine transferase used for transporting acylcarnitines across the mitochondrial membrane in fatty acids during aerobic metabolism. 20, 21 Secondary to these direct effects on the myocardium, a significant cause of hypotension is due to peripheral vasodilatation from direct action on the vasculature. 20 However, bupivacaine causes vasoconstriction at low doses, and so can exert a deleterious double blow on the cardiac output via negative inotropic effects and increasing afterload, which appears to be mediated by α1 adrenoceptors. 22 Ropivicaine and levobupivacaine are far less toxic in this sense.
It should also be noted that a mechanism of toxicity appears to be inhibition of autonomic reflexes.
LIPID EMULSION THERAPY
Intralipid 20% is the first safe intravenous lipid emulsion (ILE) used in medicine and has been around since 1962 for its use in parenteral nutrition. It consists of soybean oil, egg phospholipids and glycerin and is a source of omega-3 and -6 essential fatty acids. Its use in LAST came about from an unexpected finding by Weinberg in 1998. Following a case report of a carnitine-deficient patient showing increased susceptibility to bupivacaine cardiotoxicity, he postulated the impaired fatty acid oxidation was to blame and in seminal work, pre-loaded rats with ILE before bupivacaine in hope to establish this. The result was quite the opposite, with an increase in the mean lethal dose (LD50) by 50%. 23 He later went further to demonstrate the efficacy of ILE by rescuing dogs from bupivacaine-induced cardiac arrest. 24 ILE therapy for treatment of LAST is now well-established, following a crop of over 19 peer-reviewed case reports appearing since Rosenblatt's successful application of ILE to clinical practice in 2006, 25 and supports the use of ILE for bupivacaine, levobupivacaine, and ropivacaine cardiotoxicity. 14, [25] [26] [27] [28] [29] This year we also see a successful case report from seemingly intractable lignocaine-induced cardiac arrest. 30 This evidence strongly supports the use of ILE in the resuscitation of LAST and because of this efficacy, ILE is has been incorporated into safety guidelines for management of LA-induced cardiotoxicity in the UK since 2007 and in the US since 2008. 31, 32 In 2010, the American Society of Regional Anesthesia and Pain Medicine published its practice advisory on LAST, 33 highlighting the importance of airway management and early cardiopulmonary resuscitation with addition of ILE therapy.
Mechanism
ILE forms a 'lipid sink', an expanded intravascular lipid phase that acts to absorb the offending circulating lipophilic toxin, hence reducing the unbound free toxin available to bind to the myocardium. ILE therapy has shown clear superiority over adrenaline and/or vasopressin in rats that is directly linked to reduced myocardial tissue content and improved cardiac function. 12 In addition, ILE: 1. Helps washout of bupivacaine 34 2. Acts as a fatty acid energy substrate to the myocardium, countering the deleterious effect of LAs on fatty acid delivery to the mitochondria. 
GENERAL Regimen
Initial case reports showed ILE to often succeed after standard resuscitation had failed and led to the suggestion of ILE as a 'last resort' in severe resuscitation resistant LAST. However, there is growing evidence to support its use early in the management with successful case reports supporting the immediate use in cardiac arrest (see Fig. 2 ). [37] [38] [39] [40] Development of optimal dosing regimens for different patient groups is on the horizon and this year ILE has been recommended for use in obstetrics. 41 Support for ILE in paediatric LAST can be seen from a recent case report of ropivacaine and lignocaine-induced toxicity in a 13-yearold girl after lumbar plexus block. 26 Ventricular tachycardia was impressively converted to sinus rhythm after a bolus of 3 ml/kg of lipid emulsion was given over 3 minutes. This is encouraging to read and also poses the question as to whether we need to develop optimal dosing regimens for children.
There exists debate about the use of vasopressors with ILE for treatment of LAST, and what combination, if any, is beneficial. 42 At present it is not advised to deviate from standard cardiac resuscitation guidelines, with the addition of ILE therapy.
PREVENTION OF TOXICITY
The rate of intravenous injection for inferior alveolar nerve block is still as high as 15.3%. 10 The following methods, although singularly unproven, likely promote safety:
• Incremental injection of 3-5 ml aliquots with pause of one circulation time between each, although increases risk of needle migration • Aspirate needle before each injection (but 2% false negatives).
To this end, it is important not to exceed the safe dose of local anesthetic involved, 43 which can be calculated as dose = the product of volume × concentration, so that 1 ml of lignocaine 1% = 10 mg. The cardiotoxic potential of the amide local anaesthetics can be expressed as a maximum safe dose for administration. Table 3 highlights the safe doses of common LAs.
The relatively high toxicity of bupivacaine led it to be the main agent implicated in toxicity research. Ropivacaine and levobupivacaine are S-enantiomer pipecoloxylidines that have improved safety profiles compared to racemic bupivacaine. A recent study by Tsuchiya et al. investigating the interaction of racemic bupivacaine and R+ and S-enantiomers of bupivacaine and ropivacaine with biomimetic membranes of chiral lipids, demonstrated the greater interaction of the R+ enantiomers, with S-ropivacaine presenting least influence of all. This is consistent with reported clinical cardiotoxicity of the agents and also supports the hypothesis of potency increasing the lipid bilayer membrane fluidity. 5 For regional blocks involving sites of high vascularity, the use of alternative long acting amide levoenantiomers may be vindicated to further reduce the risk to patients, and this has already been suggested in dentistry for interior alveolar nerve blocks. 44 However, a median effective dose study shows ropivacaine and levobupivacaine to respectively have 35% and 3% reduced analgesic potency to racemic bupivacaine, and so decisions to use these safer agents must be balanced against a loss of clinical efficacy. 45 
SURGEONS' AWARENESS
Where local anaesthesia is provided by non-anaesthetists, misdiagnosis and under-reporting of LA-associated complications is likely. 46 This includes offices, outpatients and small surgical centres, and so the true incidence of LAST in these settings is unclear. There are, however, case reports of significant morbidity following LA use in such areas. [47] [48] [49] [50] The importance of surgeons' knowledge of safe use of LAs and management of complications is signified by the reported incidence of five deaths from suspected lignocaine systemic toxicity or related complications following tumescent liposuction in New York between 1993-1998. [51] [52] [53] [54] It is of interest to note that this procedure is still very popular today and commonly performed without the presence of an anaesthetist. Also of concern is a recent survey in the UK by Collins that suggests only half of hospital surgeons know how to calculate the correct dose of local anaesthetic being used and fewer than 25% of non-anaesthetic doctors knew the recommended safe doses. Only 7% of non-anaesthetic doctors knew the correct treatment to be intralipid and only 3% knew the initial dose. 55 These findings highlight the importance of education, which is of particular significance to practitioners who regularly use LAs without the presence of an anaesthetist.
SUMMARY
Vigilance is required when performing procedures that have a potential for systemic toxicity. There are numerous examples of local anaesthetic systemic complications in the literature, many in the hands of non-anaesthetists. We see that strategies to reduce the risk of LAST can never eliminate its risk. Although uncommon, the consequences can be fatal. Advances in ILE therapy and understanding is providing life-saving rescue in the most dreaded situations faced by practitioners, and further progress will likely improve our safe use of LAs in the future. Rapid identification of toxicity and a good recall of the ILE therapy regimen can save lives but we need to expand awareness to practitioners in remote locations such as outpatients, offices and especially those who work without an anaesthetist. We encourage these facilities to put together a 'rescue kit' in a specified location with the current guidelines readily available. LAs are used more frequently by surgeons and dentists than anaesthetists, and on that note we feel that the respective colleges should also develop guidelines for management of LAST incorporating lipid emulsion therapy. 
